Abstract The main functions of the osteoblast lineage (preosteoblasts, osteoblasts and osteocytes) are the production of bone matrix (osteoid), its mineralisation and the support of osteoclast formation. EphrinB2 and its contact-dependent receptor, EphB4, are stably expressed through all these stages of the lineage, and their expression of ephrinB2 is stimulated by parathyroid hormone (PTH), an agent that stimulates bone formation. Recent work has shown that the ephrinB2/EphB4 interaction is required for late stages of osteoblast differentiation and PTH action. Furthermore, specific deletion of ephrinB2 within the osteoblast lineage delays the process of bone mineralisation resulting in impaired bone strength and its response to anabolic PTH in both trabecular and periosteal bone. EphrinB2 and EphB4 are also expressed in growth plate chondrocytes, cells that also support osteoclast formation in development and fracture healing. This review will discuss the roles of forward and reverse signalling through EphB4 and ephrinB2, respectively, in bone growth and remodelling.
Introduction
Skeletal structure depends on two key processes. In bone modelling, bone formation and resorption occur on different surfaces, resulting in changes in the size and shape of the skeleton, including, for example, bone formation on the periosteal (outer) surface of the cortical bone [1] . Secondly, in bone remodelling, bone formation follows prior resorption on the same surface. Bone remodelling occurs asynchronously at many sites throughout the skeleton and throughout life to replace old or damaged bone with new bone matrix and thereby maintain the structural integrity of the skeleton. The sequence of events by which bone formation follows bone resorption is termed Bcoupling^, and for bone mass to be maintained, balance between these two activities is necessary. The process of coupling, and its optimal balance, involves communication between the bone resorbing cells (osteoclasts) and those that form bone (osteoblasts) [2] and within the osteoblast lineage itself [3] . Recent studies suggest a cell-contactdependent receptor tyrosine kinase ephrinB2, and its interaction with the receptor EphB4, mediates communication within the osteoblast lineage both during bone remodelling and periosteal growth (modelling).
Three Functions of the Osteoblast Lineage
The osteoblast lineage includes osteoblast precursors, bone matrix-producing osteoblasts and matrix-embedded osteocytes ( Fig. 1 ). This lineage carries out three major functions to determine skeletal structure: bone matrix (osteoid) production, regulation of osteoid mineralisation and support of osteoclast formation. While they are known to contribute to other biological activities, such as maintenance of the haematopoietic stem cell niche [4] , phosphate homeostasis [5] and B cell homeostasis [6] , the focus of this review will be on those functions that directly influence skeletal structure.
The osteoblast lineage derives from multipotent mesenchymal progenitors, which can also differentiate into chondrocytes or adipocytes [7] . The expression of early osteoblast markers, such as runt-related transcription factor 2 (Runx2) and osterix (Osx), allows mesenchymal stem cells to become committed osteo-chondro-progenitors with restricted differentiation capacity [8, 9] . Once osteoblasts mature to the stage of actively forming new bone matrix (osteoid), they express high levels of alkaline phosphatase (Alpl), type 1 collagen (Col1a1) and parathyroid hormone 1 receptor (Pthr1), among other markers [10] . Matrix-producing osteoblasts exist as groups of cells on the bone surface, and they require cellcell contact to produce matrix [11] [12] [13] . During later stages of osteoblast differentiation, matrix-producing osteoblasts express osteocalcin (Bglap) [14] and osteopontin (Spp1) [15] , which inhibit the process of mineralisation.
After depositing osteoid matrix, osteoblasts may undergo one of three fates: (1) become bone lining cells, (2) undergo apoptosis or (3) become embedded in the matrix and differentiate into osteocytes. Differentiated osteocytes form an extensive intercellular network throughout the bone matrix and regulate both bone formation and resorption. Cell-cell contact is also a feature of this network: multiple dendritic projections from each cell form a total of~3.7 trillion connections throughout the adult skeleton [16] . In addition to controlling osteoblast activity on the bone surface by the release of local factors such as sclerostin (Sost) [17] , and oncostatin M (Osm) [18] , osteocytes also regulate bone matrix mineralisation by expressing factors such as dentin matrix protein 1 (Dmp1) [19] and matrix extracellular phosphoglycoprotein (Mepe) [20] .
Bone structure is influenced not only by matrix production and its mineralisation but also by the process of osteoclastic bone resorption. During bone remodelling, osteoclast generation depends on production of macrophage colonystimulating factor (M-CSF) and receptor activator of nuclear factor kappa-B ligand (RANKL) by cells of the osteoblast lineage [21] , although whether the key source of RANKL is the osteocyte or the preosteoblast remains controversial [22] [23] [24] . During bone development and growth, hypertrophic chondrocytes are also a source of RANKL [23] . They support the formation of osteoclasts that resorb the calcified cartilage matrix, leaving a template on which trabecular bone formation occurs.
EphrinB2 in Osteoblasts and Osteocytes
Parathyroid hormone (PTH) acts via its receptor (PTHR1) in osteoblasts both to stimulate bone formation [25, 26] and to stimulate their production of RANKL, thereby also increasing support of osteoclast formation [27] . Intermittent administration of PTH is the only currently available therapeutic agent that can increase bone mass [25] . It achieves this by promoting differentiation of committed osteoblast precursors [28, 29] , inhibiting osteoblast and osteocyte apoptosis [30] and inhibiting production of the osteocytic bone formation inhibitor, sclerostin [31] . This anabolic effect of PTH reproduces the action of PTHrelated protein (PTHrP), a locally produced paracrine stimulus Fig. 1 EphrinB2 and EphB4 are expressed within the osteoblast and chondrocyte lineages: from pluripotent stem cells through to mature osteoblasts, osteocytes and chondrocytes. Osteoblastic ephrinB2 is upregulated by PTH treatment and its interaction with EphB4, and subsequent reverse signalling, is required as a checkpoint for late stages of osteoblast/osteocyte differentiation on both trabecular and periosteal surfaces. Without this ephrinB2/EphB4 interaction, osteoblasts undergo early apoptosis, and bone formation is impaired. In chondrocytes, ephrinB2/EphB2 signalling promotes chondrocyte commitment, while ephrinB2/EphB4 signalling supports osteoclast formation and late-stage chondrocyte differentiation. EphrinB2 and EphB4 expression in chondrocytes is stimulated by IGF-I of bone formation [32] . PTHrP not only acts through the same receptor but also has autocrine and nuclear activity [33] .
In a microarray analysis of the effects of PTH and PTHrP on cultured osteoblasts, ephrinB2 was rapidly upregulated [34] . This effect was reproduced in PTH-treated rats in vivo [34] . EphrinB2 expression by osteoblasts and osteocytes was confirmed in rat bone [34] and human bone [35] by immunohistochemistry and was particularly prominent in osteoblasts on the surface of mature, lamellar bone, undergoing the process of remodelling.
EphrinB2 is a member of the largest family of receptor tyrosine kinases [36] . This family has the unique ability to generate simultaneous bidirectional signals: forward signalling through Eph receptors and reverse signalling through the ephrin ligand [37] . For signalling to occur, direct cellcell contact must be made since both receptor and ligand are membrane-bound [36] , although soluble forms of some family members exist [38] [39] [40] . The Eph/ephrin family can be divided into two groups, A and B. EphrinA ligands are membraneanchored proteins, while ephrinB ligands are transmembrane proteins. These ephrin ligands bind to EphA and EphB receptors, with some promiscuity. Although many members of this family are expressed in osteoblasts in vitro and in vivo [34, 41, 42] , only ephrinB2 was stimulated by PTH and PTHrP [34] . Given the extensive connections within the osteoblast lineage, the contact-dependent communication system of ephrins and the specific stimulation of one family member by PTH/PTHrP suggested a possible role in the process of bone formation.
The EphrinB2/EphB4 Interaction is a Checkpoint for Osteoblast Differentiation
Osteoblasts and osteocytes in both human and mouse also express EphB4 [35, 43•] The importance of the particular interaction of ephrinB2 with one of its receptors, EphB4, was identified in studies using inhibitors of this interaction: a peptide antagonist, TNYLFSPNGPIARAW (TNYL-RAW) [34] or the recombinant extracellular domain of EphB4 (sEphB4) [43•, 44] . Because they block the interaction, both directions of signalling are blocked [45, 46] : this was confirmed in osteoblasts, where both reagents inhibited both ephrinB2 and EphB4 phosphorylation [43•] . Addition of either reagent to cultured osteoblasts or a murine stromal cell line inhibited osteoblast differentiation, as indicated by reduced mRNA levels of late-stage osteoblast markers, such as Dmp1, Mepe and Sost . In addition, TNYL-RAW addition to human mesenchymal stem cells inhibited their ability to form mineral in vitro, a finding consistent with impaired osteoblast differentiation [35] . This suggested that the specific interaction between ephrinB2 and EphB4 within the osteoblast lineage is a checkpoint through which the differentiating osteoblast must pass for continued differentiation in vitro (Fig. 1 ). This interaction did not require the presence of any other cell type indicating that signalling within the osteoblast lineage is necessary for late stages of osteoblast differentiation.
When such inhibition of the ephrinB2/EphB4 interaction was tested in vivo, using sEphB4, late stages of osteoblast differentiation were again impaired [43•] . The evidence of this was twofold. Firstly, there was the observation of a change in osteoblast function: sEphB4 treatment in mice increased the number of osteoblasts and the level of osteoid production, but the rate of bone mineralisation was not increased. Secondly, mRNA extracted from bones of mice treated with sEphB4 showed high levels of early osteoblast markers with no modification in late stage osteoblast markers [43•] . This suggested an accumulation of matrix-producing osteoblasts with reduced ability to fully differentiate. These data showed the ephrinB2/EphB4 interaction is not required for osteoblasts to produce osteoid matrix and confirmed its requirement for osteoblasts to pass a checkpoint into the later stages of differentiation that promote osteoid mineralisation.
Inhibition of the ephrinB2/EphB4 interaction in vivo also impaired the anabolic action of PTH, but not only by impairing late stages of osteoblast differentiation [43•] . EphrinB2/EphB4 inhibition in the presence of PTH (but not in its absence) also increased osteoclast formation in vivo. This was reproduced in co-culture studies of osteoblasts with osteoclast precursors, suggesting the early stages of osteoblast differentiation are more supportive of osteoclast formation. In addition, in vitro studies showed that sEphB4 or TNYL-RAW treatment of osteoblasts rapidly increased their support of osteoclastogenesis by promoting RANKL transcription in cells of the osteoblast linage and rapidly stimulated mRNA levels of other pro-osteoclastic factors, such as interleukin-6 (Il6) and oncostatin M receptor (Osmr) [43•] . Therefore, the interaction of ephrinB2 and EphB4 might inhibit the production of a range of osteoclast inhibitors in response to PTH. Surprisingly, this contrasted with other works using a similar co-culture system showing that TNYL-RAW treatment suppressed osteoclastogenesis in a RANKLindependent manner when insulin-like growth factor 1 (IGF-I) was used as a stimulus of osteoclast formation in vitro [48•] .
The Role of EphrinB2 in Osteoclast Formation
EphrinB2 is expressed not only by osteoblast lineage cells but also in osteoclasts and their precursors [41] . However, ephrinB2 signalling does not play a cell-lineage autonomous role in osteoclasts, since these cells do not express any Eph receptors that bind ephrinB2 [41] . This was confirmed by a lack of effect of ephrinB2/EphB4 inhibition on osteoclast formation in vitro in the absence of osteoblasts [43•] . However, when exogenous EphB4-Fc was used to stimulate ephrinB2 signalling in osteoclast precursors, their ability to form osteoclasts in vitro was impaired [41] . This suggested that interaction of osteoclast precursors with EphB4-expressing cells, such as osteoblasts, could suppress osteoclast formation by activating ephrinB2 signalling in osteoclast precursors [41] . The increased osteoclast formation we observed in response to sEphB4 in vivo and in co-cultures could be explained by this alternative model, except for the finding that sEphB4 treatment retained its ability to stimulate osteoclast formation in co-cultures of ephrinB2-expressing osteoblasts with ephrinB2-deficient osteoclasts [47••] . This confirmed that suppression of ephrinB2 reverse signalling within the osteoclast lineage did not cause the increased osteoclast formation induced by sEphB4. Rather, the osteoclast formation was induced by increased production of RANKL by osteoblasts in which ephrinB2/EphB4 signalling was suppressed. Therefore, ephrinB2/EphB4 signalling in osteoblasts either limits the expression of osteoblastic RANKL or maintains osteoblasts at an immature stage in which they produce more RANKL.
Defective osteoclastogenesis in mice with RANKL deficiency at specific stages of osteoblast and osteocyte differentiation have led to the suggestion that osteocytes are an important source of RANKL expression [23, 24] . Although early studies reported conflicting evidence of whether RANKL mRNA levels are higher in osteocytes than osteoblasts [24, 49, 50] , recent work using more specific purification indicates that RANKL mRNA levels are higher in osteoblasts than in osteocytes [22] . Thus, the interaction between ephrinB2 and EphB4 was required for the continued differentiation of osteoblasts; without it, osteoblasts are held at an immature state when their support of osteoclastogenesis is high and their ability to produce factors that promote bone mineralisation is low.
EphrinB2 Signalling Within the Osteoblast Lineage Promotes Osteoblast Differentiation by Limiting Apoptosis
Pharmacological inhibition of the ephrinB2/EphB4 interaction impaired late stages of osteoblast differentiation both in vivo and in cultured osteoblasts [43•] . However, two questions remained unanswered: (1) which signalling direction (through ephrinB2 or EphB4) is most important and (2) whether all effects observed resulted from inhibiting an osteoblast-lineage specific interaction? While effects were consistent between the two systems, the in vivo effects may also have resulted from inhibition of ephrinB2 and EphB4 signalling in other cells such as embryonic stem cells [51] , endothelial cells [52] T cells [53] and neurons [54] , all of which are known to influence bone remodelling. The specific role of ephrinB2 within the osteoblast lineage was further investigated using Osx1-Cre-directed deletion of ephrinB2 [47••] .
In the absence of ephrinB2 in adult female Osx1-Cre.ephrinB2 f/f mice, osteoblast numbers were greater than in controls, but bone formation rate was not increased [47••] . This phenotype is similar to the effects of sEphB4 treatment in vivo [43•] . Furthermore, while osteoid thickness was greater in Osx1-Cre.ephrinB2 f/f mice, a reduction in mineral apposition rate in these mice indicated that, rather than osteoid production being increased, it was the progression of bone mineralisation that was delayed [47••] , a similar observation to the clinical condition of osteomalacia [55] .
This phenotype was not restricted to a change in trabecular bone formation. These mice also exhibited thinner cortical bone, smaller femoral width and reduced polar moment of inertia compared to controls. This and the osteomalacia-like phenotype resulted in reduced bone stiffness, allowing a greater level of bone deformation before fracture by 3-point bending tests and reduced loading and unloading slopes by reference point indentation; in simplest terms, they had soft, rubbery bones [47••] .
mRNA from Osx1-Cre.ephrinB2 f/f bones revealed higher expression levels of early osteoblast markers and lower levels of late osteoblast/osteocyte markers [47••] , again consistent with the impaired late stage osteoblast differentiation observed with sEphB4 treatment [43•] . One mechanism identified that maybe responsible for the impairment in late-stage osteoblast differentiation was a higher level of osteoblast and osteocyte apoptosis in Osx1-Cre.ephrinB2 f/f bones [47••] . This was identified by TUNEL staining and electron microscopy in situ and higher levels of caspase 8-mediated apoptosis in cultured ephrinB2-deficient osteoblasts [47••] . This supported the model of an ephrinB2/EphB4 checkpoint in osteoblast differentiation indicated by the pharmacological inhibition studies. Without expression of anti-apoptotic ephrinB2, osteoblasts undergo apoptosis rather than making the transition to the fully mature stages expressing Dmp1, Mepe and Sost that promote osteoid mineralisation.
Does EphB4 Forward or EphrinB2 Reverse Signalling Promote Osteoblast Differentiation?
Due to the bidirectional signalling induced within the osteoblast lineage by the ephrinB2/EphB4 interaction, identifying the signalling direction that promotes osteoblast differentiation has been challenging. For example, when Osx1-Cre.ephrinB2 f/f osteoblasts were analysed by Western blot and immunofluorescence, although the EphB4 phosphorylation response (forward signalling) to exogenous ephrinB2 remained intact, their basal levels of EphB4 phosphorylation were low, presumably due to the lack of ephrinB2 reverse signalling in neighbouring cells [47••] . This implied that the phenotype might relate to impairments of both EphB4 and ephrinB2 signalling.
That EphB4 signalling within the osteoblast lineage might promote osteoblast differentiation was suggested when EphB4 phosphorylation was stimulated in cultured osteoblasts by treatment with clustered ephrinB2-Fc [41] . This treatment increased expression of early osteoblast markers such as Runx2, Osx, Alpl, Col1a1 and Bglap, suggesting that EphB4 forward signalling within osteoblasts enhanced osteoblast differentiation. In addition, trabecular bone volume was increased in transgenic mice overexpressing EphB4 in the osteoblast lineage [41] . Compact bone and marrow isolated from these mice also exhibit greater numbers of osteoprogenitor cells [56•] and, thus, increased support of haematopoiesis [57•] . Although it was suggested that this phenotype occurred due to increased EphB4 forward signalling, it should be noted that EphB4 overexpression in osteoblasts would also stimulate ephrinB2 signalling.
To determine which direction of signalling is most important for osteoblast differentiation, we compared the effects of ephrinB2 knockdown to knockdown of EphB4. Surprisingly, although the ephrinB2 knockdown reproduced the effects of sEphB4 treatment on osteoblast differentiation, EphB4 knockdown had the opposite effect in cultured osteoblasts: mineralized nodule formation and early markers of osteoblast differentiation were increased [47••] . The contrasting effects of EphB4 knockdown and ephrinB2 deletion in osteoblasts supports the conclusion that reverse signalling through ephrinB2 mediates the ephrinB2/EphB4 checkpoint through which osteoblasts pass to reach late stages of differentiation.
EphrinB2 as a Mediator of PTH and IGF-I Anabolic Actions
Since PTH stimulates ephrinB2 expression, the response of Osx1-Cre.ephrinB2 f/f mice to anabolic PTH treatment was also investigated. The PTH-induced increase in osteoblast number, osteoid thickness and mineral apposition rate in both trabecular and periosteal bone was impaired, but not fully blocked, in Osx1-Cre.ephrinB2 f/f mice [47••] . Consistent with a limited response to PTH, the ephrinB2-deficient mice also showed a deficiency in the usual PTH-induced changes in gene expression. Early osteoblast markers (Runx2, Alpl and Col1a1) were not increased, and Sost expression was not reduced. However, the RANKL gene response to PTH was retained [47••] . This indicated that ephrinB2 signalling within the osteoblast is required for the anabolic response of PTH to stimulate osteoblast differentiation and reduce osteocytic sclerostin expression, but is not required for the RANKL response to PTH. Again, this may relate to retention of early osteoblast-lineage cells that have higher levels of RANKL expression, but have reached the stage of PTH receptor expression.
It has also been suggested that ephrinB2/EphB4 signalling may mediate IGF-I-induced bone formation since global genetic deletion of IGF-I, and osteoblast-targeted insulin-like growth factor receptor (IGF-IR) deletion in mice resulted in low levels of both ephrinB2 and EphB4 [48•] . Cell culture studies reported that siRNA deletion of EphB4 and TNYL-RAW treatment blocked the IGF-I-induced increase in mRNA levels of osteoblast markers, Runx2, Alpl and Bglap [58] . It is possible that the effects of IGF-I on ephrinB2 expression may be required for PTH anabolic action, since the PTH-induced increase in ephrinB2 was not observed in IGF-I-deficient bone marrow stromal cells [48•] , and PTH anabolic action is reduced in IGF-I-deficient mice [59] . The interdependency of these pathways has not yet been shown nor has the requirement for ephrinB2/EphB4 signalling in the increased bone formation resulting from IGF-I treatment in vivo.
What is the Role of EphrinB2 Signalling in the Osteoclast Lineage?
The possible involvement of ephrinB2 signalling within the osteoclast in bone remodelling has been a question that is difficult to answer. Since osteoclasts express only ephrinB2, but not EphB4, the signalling of ephrinB2 in osteoclasts depends on an interaction with a different cell type that expresses ephrinB2. The earliest model, based on results from in vitro co-culture studies, proposed that the main interaction of ephrinB2-expressing osteoclasts that suppressed their differentiation was an interaction with EphB4-expressing osteoblasts [41] . This proposed that this direct interaction provided a mechanism for coupling balance, by which the activity of osteoblasts is matched to the prior activity of osteoclasts on the same surface. However, since there is a time delay of some weeks between the processes of bone resorption and formation on bone remodelling surfaces, termed the Breversal phase^ [60] , a direct interaction between mature osteoclasts and osteoblasts on the bone surface, is rare. Alternative proposals have been suggested, including the possibility that the interaction occurs between osteoclast precursors and osteoblast precursors or between osteoclast precursors and some other ephrinB2-expressing cells such as endothelial cells [52, 61] . Finally, recent work has identified that the cells that line the bone surface during the reversal phase are osteoblast precursors [62] ; if these express ephrinB2 and interact directly with EphB4-expressing osteoclasts, these could provide a mechanism, at the cellular basis, by which this might work. However, co-culture studies using osteoclasts deficient in ephrinB2 showed that the stimulatory effects of sEphB4 on osteoclast differentiation did not result from modifying this cell-specific pathway [47••] , questioning the role of osteoclastic ephrinB2 in osteoblast-stimulated osteoclastogenesis.
Since haematopoietic specific knockout of ephrinB2 did not result in a detectable bone phenotype [41, 47••] , the situations in which ephrinB2 signalling within the osteoclast lineage inhibits osteoclast differentiation remain obscure and may be restricted to an in vitro phenomenon.
A very recent study of mice with an osteoclast-driven deletion of the NF-κB inhibitor CHMP5 has suggested the phenotype of exuberant BPagetic^periosteal remodelling in these mice results from an interaction of ephrinB2 in osteoclasts with EphB4 in osteoblasts [63] . In this work, high ephrinB2 mRNA levels were noted in cultured osteoclasts from these mice, likely a simple reflection of greater osteoclast numbers (also indicated by high mRNA levels of osteoclast markers). Addition of EphB4-Fc in osteoclast-osteoblast co-cultures mildly reduced Alizarin Red staining. This was interpreted as evidence that ephrinB2/EphB4 signalling between osteoclasts and osteoblasts supported osteoblast differentiation, based on the incorrect assumption that EphB4-Fc acted as an inhibitor. The levels of ephrinB2 and EphB4 phosphorylation in cells from these mice were not assessed nor the effects of EphB4-Fc in the co-culture system. This highlights the complexity of studies of ephrinB2/EphB4 interactions and the need for careful examination of the effects of pharmacological stimuli and inhibitors on both directions of signalling.
EphrinB2/EphB4 Signalling During Endochondral Ossification
In addition to regulating osteoblast differentiation in periosteal growth and bone remodelling, ephrinB2/EphB4 signalling has also been suggested as a regulator of endochondral ossification. This process occurs during bone development and longitudinal growth at the metaphyseal growth plate (Fig. 1 ) and describes the way in which a cartilage model is resorbed by osteoclasts and replaced with bone by osteoblasts.
Chondrocytes and osteoblasts share common mesenchymal stem cell progenitors, and like osteoblasts, chondrocytes express both ephrinB2 and EphB4 during the proliferating and hypertrophic stages at the growth plate [48•] , as well as during fracture healing [64] , in articular cartilage [65] and in the ATDC5 chondrocyte cell line [64] . This suggests a role of ephrinB2 and EphB4 in endochondral ossification, although chondrocytes are not cells that have been previously noted to depend on cell-cell contact for their activity.
In vitro studies using human multipotent mesenchymal stem cells and a small peptide of the interaction of ephrinB2 with EphB2, but not EphB4 significantly inhibited their ability to produce glycosaminoglycans, a major component of the cartilage matrix [35] . More recently, however, work with the committed chondrocytic ATDC5 cell line showed that TNYL-RAW treatment blunted the normal progression of chondrocyte differentiation, usually indicated by increased type II collagen followed by type X collagen mRNA levels [48•] . This suggests that ephrinB2/EphB4 signalling, and possibly ephrinB2/EphB2 signalling, stimulates the differentiation of committed chondrocytes, and ephrinB2/EphB2 signalling may promote chondrocytic commitment.
The ephrinB2/EphB4 interaction has also been reported to mediate IGF-I/IGF-IR signalling in the growth plate chondrocytes [48•] . IGF-I promotes chondrocyte proliferation during longitudinal bone growth [66] . Immunohistochemistry of wild-type bones showed ephrinB2 and EphB4 protein expression in the prehypertrophic chondrocytes of the growth plate, and levels were reduced in mice with germline IGF-I deletion. RNA extracted from these growth plates also showed reduced ephrinB2, EphB4 and RANKL mRNA levels. This suggested that IGF-I/IGF-IR signalling is either required for chondrocytes to reach the stage of ephrinB2/EphB4 expression or that IGF-I signalling directly stimulates ephrinB2 and EphB4 in growth plate chondrocytes, a regulatory pathway that may also exist in osteoblasts. A direct regulatory pathway was supported by the finding that chondrocytic ATDC5 cells treated with IGF-I significantly increased ephrinB2 and EphB4 mRNA levels [48•] .
Since chondrocytes also support osteoclast differentiation, it might be expected that ephrinB2/EphB4 inhibition in chondrocytes would promote RANKL, as observed in osteoblasts [43•] . However, TNYL-RAW treatment of co-cultures of ATDC-5 cells with osteoclast precursors reduced the formation of osteoclasts when stimulated with IGF-I and did not stimulate their production of RANKL [48•] . Although different to the effects of sEphB4 treatment in osteoblasts, the result was consistent with the impaired ability of osteoblasts from Osx1Cre.EphrinB2 f/f mice to support osteoclast differentiation when stimulated with 1,25-dihydroxyvitamin-D 3 or oncostatin M [47••] . There are two possibilities to explain these effects. One is that, since expression of RANKL increases as chondrocytes differentiate [67] , and TNYL-RAW treatment suppresses chondrocyte differentiation, these late stages of chondrocyte differentiation may not be reached. Alternatively, the authors suggested that the ephrinB2/EphB4 interaction might mediate RANKL-independent osteoclastogenesis in the co-culture system used. In vivo studies are required to resolve this question and determine how this system might influence endochondral ossification both during the process of bone development and in fracture healing.
The role of the ephrinB2/EphB4 interaction in endochondral ossification has also been investigated in the context of fracture healing in transgenic mice overexpressing EphB4 in osteoblasts [56•] . Fractured femora from EphB4 transgenic mice displayed a significantly larger extent of cartilaginous tissue matrix in intermediate and distal regions compared to controls. This delay in endochondral remodelling may result from impaired resorption of the cartilage matrix due to reduced osteoclast formation [56• ], which in turn could result either from enhanced ephrinB2 signalling in the osteoclast lineage [41] or greater EphB4-mediated suppression of RANKL production by osteoblasts [47••] . The authors also suggested that this may result from increased chondrocyte proliferation induced by EphB4, which they observed in cultured chondrocytes, but since EphB4 overexpression in the in vivo model was directed to the osteoblast, this conclusion seems less likely. Nevertheless, these two studies provide intriguing evidence for a role of ephrinB2/EphB4 signalling in endochondral ossification, both in growth and in fracture healing.
Conclusion
The current body of knowledge suggests that ephrinB2 and EphB4 expressed on the cell membrane of osteoblast lineage cells interact with each other to promote osteoblast differentiation and mineralisation (Fig. 1 ). It appears that ephrinB2 reverse signalling within the osteoblast lineage is most important for osteoblast survival and the anabolic action of PTH during bone remodelling and periosteal growth. Forward signalling through EphB4 may also play a role, but this is difficult to discern from the currently available data. EphrinB2 reverse signalling within osteoclasts, while inhibitory in vitro does not yet have a clear role in vivo, although a number of possible EphB4-expressing cells that may interact with osteoclastic ephrinB2 are being identified. Finally, a similar EphrinB2/EphB4 interaction in chondrocytes may also play a role in regulating longitudinal bone growth or the process of endochondral ossification in fracture healing.
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